Actin is a defining feature of eukaryotes, where it commonly is one of the most abundant proteins. Actin filaments participate in biological processes ranging from amoeboid movements of protozoa and human white blood cells to muscle contraction. Some of these processes including muscle contraction and cytokinesis require motor proteins of the myosin family, which move along actin filament tracks. Other motile processes, including the extension of pseudopods, are driven by the regulated assembly and disassembly of a network of actin filaments that pushes forward the plasma membrane. External stimuli, acting through a variety of cell surface receptors, control these reactions, allowing cells to move toward attractive stimuli and away from harm. The purpose of this primer is to explain how actin polymerizes and how cells use regulatory proteins to control this process.
Structure
Actin is a 43 kDa protein with a flattened shape, a bit like a lima bean (Figure 1 ). It binds an adenine nucleotide in a cleft between its two lobes. Unpolymerized actin in cells typically has a bound ATP, which is hydrolyzed to ADP after polymerization. ATP stabilizes monomeric actin but is not required for polymerization.
Actin can be purified in large quantities from muscle and other cell types. In low salt, purified actin exists as a monomer, but physiological salt conditions (millimolar Mg 2+ and tens of millimolar ionic strength) strongly favor the polymerized state. Actin filaments are polarized, right-handed, double-helical polymers with 370 subunits per µm and one twist of the double helix every 36 nm. Filaments are about as stiff as steel and rigid, particularly if they are short (< 5 µm).
Polymers are polarized owing to the fact that all of the subunits have the same orientation. This polarity was first recognized in electron micrographs of actin filaments decorated with one myosin attached to each actin subunit, which appeared as a string of arrowheads repeating every 36 nm. One end of the filament thus became known as the barbed end and the other as the pointed end. Polarity is important as the two ends differ in their affinities and kinetics of association of monomers and interact with different proteins that regulate the assembly and architecture of actin filament networks.
Assembly of pure actin
The first step in understanding regulated actin filament assembly in cells was to learn how purified actin assembles on its own (Figure 1 ). In the early 1960s it was discovered that starting up a filament is much less favorable than growing its two ends. Initiation of a filament from monomers is called nucleation, because the rate-limiting step is the formation of a small oligomer called a nucleus. Kinetic analysis and structural considerations both suggest that nuclei consist of just three actin molecules. From a biological point of view, these properties suggest that nature has arranged for spontaneous nucleation to be unfavorable, turning the responsibility for initiation of new filaments over to regulatory proteins.
Elongation of actin filaments is a simple bimolecular reaction between an actin monomer and the free barbed or pointed end of an actin filament. As such, the rate of elongation of a filament is determined solely by the concentration of free monomers and the association rate constants. Direct assays revealed the rate and equilibrium constants for elongation
Figure 1
Profilin and capping protein prohibit uncontrolled assembly of actin in cells. Pure actin monomers combine to form a trimer, which can elongate rapidly from both its 'barbed' and 'pointed' ends. Capping protein bound to filaments prevents growth from the barbed end, while profilin bound to actin monomers inhibits both spontaneous nucleation and growth from the pointed end. Modified from original art work by Graham Johnston from Cell Biology (edited by TD Pollard and W Earnshaw, WB Sanders, 2001 ).
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Capping protein Current Biology of ATP-actin and ADP-actin at both ends of filaments. Under all conditions tested, filaments grow more rapidly from barbed ends than pointed ends, but the rates and equilibrium constants are sensitive to bound nucleotide. In the simplest case, ADP-actin monomers have the same equilibrium constants for associating with both ends (about 2 µM with physiological salt concentrations). This dissociation equilibrium constant is called the critical concentration, since above this concentration all actin monomers polymerize. Elongation of barbed ends by Mg-ATP-actin, the physiologically relevant monomeric species, is not only faster than pointed ends, but is also more favorable with a critical concentration (0.1 µM) about ten times lower than at the pointed end. The difference in equilibrium constants at the two ends must be due to hydrolysis of bound ATP, although the exact mechanism is not understood. This difference in critical concentration at the two ends results in a steady state with a Mg-ATP-actin monomer concentration slightly above the critical concentration for the barbed end and well below the critical concentration for the pointed end. The consequence is a very slow (< 1 subunit per second) flux of subunits through the filament due to net addition at the barbed end and net loss at the pointed end, referred to as 'treadmilling.'
Maintenance of the actin monomer pool
Given that assembly of actin polymers is so favorable, a longstanding goal has been to account for the presence of high concentrations of unpolymerized actin in cells -up to 200 µM and 50% of total actin. The utility of this unpolymerized actin is clear, allowing for rapid assembly of new filaments when required by cells, but maintaining a pool of actin subunits three orders of magnitude greater than its critical concentration is highly unfavorable energetically. Two complementary mechanisms maintain the pool of unpolymerized actin (Figure 1 ). All eukaryotic cells studied have a small protein called profilin that binds actin monomers in a way that inhibits nucleation and elongation of pointed ends but not elongation of barbed ends. Given some barbed ends, the actin-profilin pool would rapidly be depleted by growth of these ends. Therefore cells cap the barbed ends of most of their actin filaments with proteins such as heterodimeric capping protein and gelsolin-family members. Together profilin plus capping allows for the huge pool of polymerizationcompetent actin subunits poised to elongate barbed ends should they become available. In addition to profilin, animal cells typically use another small protein, thymosin-β4, to sequester part of the actin monomer pool in a form incapable of polymerization. Profilin shuttles actin monomers from this sequestered pool to barbed ends when they become available. Capping pointed ends is not essential, since neither actin-thymosin-β4 nor actin-profilin elongate pointed ends. Given sufficient quantities of these two proteins, the concentration of free actin monomers will be below the critical concentration at pointed ends, allowing them to slowly disassemble in cells.
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Figure 2
Dendritic nucleation of actin filaments and subsequent network assembly drive the protrusion of the plasma membrane. The cellular factor that nucleates actin filaments de novo was only discovered recently. It is a complex of seven polypeptides including two actin related proteins, Arp2 and Arp3 (Figure 2 ). This Arp2/3 complex was found to bind to both the side and pointed end of filaments. Molecular modeling indicated that Arp2 and Arp3 might form a dimer capable of barbed end elongation, but highly purified Arp2/3 complex was only a weak actin filament nucleator. This low intrinsic nucleation activity is important to avoid indiscriminate actin assembly and depletion of the monomer pool and to allow for tight regulation.
The first recognized activator of nucleation by Arp2/3 complex was the protein, ActA, expressed on the surface of the intracellular pathogen Listeria monocytogenes. ActA allows Listeria to pirate the actin assembly machinery of the host cell to create a comet tail of filaments that propels the bacterium through the cytoplasm and from cell to cell. The first identified endogenous cellular activator of Arp2/3 complex was the WASp/Scar family of adaptor proteins. WASp is the product of the gene mutated in Wiskott-Aldrich syndrome, a human disorder of platelets and white blood cells. Like Arp2/3 complex itself, WASp (and its more ubiquitously expressed homolog N-WASP) is intrinsically inactive, apparently due to autoinhibition of the activation domain located at the protein's carboxyl terminus. Signaling pathways operating through Rho-family GTPases, particularly Cdc42, and by acidic phospholipids, such as phosphatidylinositol-4,5-bisphosphate (PIP 2 ), overcome this auto-inhibition, allowing activation of Arp2/3 complex. The second endogenous activator identified was actin filaments themselves. Binding of Arp2/3 complex to the side of an existing filament enhances activation by WASp/Scar proteins. Only when both conditions are satisfied does Arp2/3 complex nucleate a new filament that grows in the barbed direction at a 70° angle off the side of the mother filament -the 'dendritic nucleation' mechanism of actin assembly (Figure 2 ). This combination of activators allows signals from cell surface receptors to expand existing networks of actin filaments at the leading edge of motile cells. Regulation of Scar proteins is less well understood.
Translation of actin polymerization into cellular motility
Elongation of actin filaments driven thermodynamically by the high concentration of actin monomers can be converted to physical work. In solution, there is no physical barrier to the elongation, but in pseudopods growing filaments may encounter the plasma membrane. This barrier would tend to inhibit elongation, because subunits are physically unable to diffuse into the tiny space between the filament end and the membrane. However, both the membrane and the filament tip constantly undergo rapid Brownian motion, allowing sufficient space for the addition of a monomer. After monomer addition, the filament springs back to its original straight configuration. This elastic recoil pushes the membrane forward the length of one monomer. Such a mechanism is known as a rectified Brownian ratchet.
Filament disassembly and recycling
Actin filaments in muscle and stress fibers of nonmuscle cells are stable for hours, but other filaments, such as those in branched networks at the leading edge, turn over on a time scale of seconds to minutes. Filaments of pure actin are intrinsically stable, so regulatory proteins must account for the rapid turnover observed in cells. Although the field is not in consensus, it seems likely that the ATPase activity of actin provides an internal timer for filament disassembly by regulatory proteins (see Figure 2) .
Future directions for the field
Three challenges preoccupy investigators in the field. First, we wish to understand with greater resolution the entire pathways from a multitude of extracellular physical and chemical stimuli, through WASp/Scar proteins and other activators of Arp2/3 complex, to the actual molecular mechanism of Arp2/3 complex activation and actin nucleation. Next, much is still being learned about how freshly assembled actin filaments are assembled into the higher order structures found in cells, such as filopodia, stress fibers, and other bundles including muscle sarcomeres. Finally, the mechanisms of filament disassembly, particularly its rapid pace in cells, need additional work which may revise our current thinking.
